T he fossil record provides direct, historical evidence that can help constrain controls on biodiversification, such as the relative roles of diversity-dependent and diversity-independent processes (1) (2) (3) . Statistical analyses of the well-preserved fossil record of marine animals support diversity dependence, albeit with a shifting value of equilibrium diversity (4-6, but see refs. 7 and 8 for alternate opinions). Recent analyses suggest that such shifts might be quite substantial: after not trending appreciably for 300 million years (Late Ordovician-Jurassic; ∼458-145 MA), global genus richness approximately doubled in the Cretaceous and Cenozoic (9) (Fig. 1A) . Here, we probe the fossil record for insights into this massive shift in global diversity and present a theory on the underlying evolutionary and ecological dynamics. We show that the Cretaceous-Cenozoic (K-Cz) radiation was highly selective, with diversity increase concentrated in animals that copulate or otherwise transfer sperm between interacting adults. In contrast, the aggregate diversity of animals that broadcast sperm into the water column has not increased appreciably since the Ordovician. We argue that directed sperm transfer promoted diversification by permitting additional modes of prezygotic isolation, smaller population sizes, and greater ecological specialization. Previous work has cited increased productivity as a driver of the K-Cz radiation (10) (11) (12) , but we argue that synergistic interactions between mating strategy and ecology modulated the effects of environmental change on biodiversification.
To characterize diversity history, we generated sampling-standardized genus richness curves from the Paleobiology Database (PBDB; paleobiodb.org) and used maximum likelihood methods (13) to model diversity history. Models of diversity change include random walk, directional change, and two models that are consistent with diversity dependence [stasis and Ornstein-Uhlenbeck (OU-OU), in which diversity approaches and then fluctuates around an equilibrium value]. We also tested two-phase models incorporating a shift between simple models. These methods can rigorously identify shifts in the pattern of diversity history that suggest changes in underlying dynamics.
Fertilization Mechanism
Fertilization mechanisms have never been considered explicitly in analyses of marine fossil biodiversity. However, they have been extensively discussed in the case of land plants, with animal pollination proposed as a key factor in the K-Cz radiation of angiosperms (14) (15) (16) (17) (18) . Pollination of plants by animals, as opposed to wind, is postulated to permit additional modes of prezygotic reproductive isolation, which could enhance speciation in conjunction with other isolation mechanisms (19) . This effect may be strongest when pollinator and plant species are closely coevolved, limiting gene flow among species, as in orchids (20, 21) . Pollination could also permit increased rarity because uncommon, widely spaced individuals may still reproduce as long as pollinators are present (18) . Interestingly, the greater diversity in terrestrial relative to aquatic habitats has also been attributed in part to differences related to fertilization. For example, motile marine animals do not commonly transmit the gametes of sessile species, as pollinators do on land (22) (23) (24) . Also, chemical and visual signals are transmitted more effectively in air, which could enhance sexual selection and speciation; it could also enable animals to find mates at greater distances, which could permit greater rarity (22, 23) .
Significantly, marine species also vary widely in fertilization strategy. At a broad scale, these strategies are phylogenetically Significance Fertilization mechanisms explain broad patterns in the taxonomic distribution of diversity in marine animals, as argued previously for land plants. We argue that fertilization via copulation (or some other significant interaction among adults) permits additional mechanisms of reproductive isolation and smaller population sizes relative to fertilization via the broadcasting of sperm into the water, thus enhancing diversification potential. Maximum-likelihood modeling of paleontological data indicates that the diversity of sperm broadcasters has been limited by diversity-dependent factors for the last 450 million years. In contrast, animals that copulate, etc., were also limited until the Cretaceous and then radiated dramatically, coincident with apparent major changes in marine productivity. Fertilization may have acted synergistically with ecological specialization in promoting diversification, particularly in predators.
conserved in most higher taxa of Metazoa that are abundant as fossils, so they can be inferred reliably based on taxonomic affiliation (SI Appendix, Reproductive Faunas). Our first group (broadcasters) includes animals that broadcast sperm into the water column. Some species broadcast eggs, whereas others retain them, but we include both in this group because sperm broadcasting is sufficient to limit interactions during mating. As in wind-pollinated plants, fertilization depends on the vicissitudes of transport in a fluid, and fertilization potential decreases dramatically over short distances (25, 26) . Thus, individuals often produce copious gametes, and fertilization is enhanced in large, dense populations. Species recognition during reproduction occurs only between sperm (or spermatophore) and egg (or mother) (27) , and adult-adult interactions are limited to factors such as timing of gamete release. Broadcasting animals include bivalves, brachiopods, bryozoans, cnidarians, sedentary echinoderms, and several less diverse groups (SI Appendix, Reproductive Faunas). Most broadcasters are nonmotile or not regularly motile and are suspension feeders, as a sedentary lifestyle precludes many other feeding modes. Most fossil cnidarians are corals, many of which capture small living organisms from the water as food (microcarnivory) and may house photosymbionts.
Other animals (nonbroadcasters) transfer sperm directly between adults via copulation or some other interaction (e.g., the male fertilizing eggs as the female releases them). Whether fertilization is internal or external, adults must recognize each other and interact directly, and reproductive isolation is driven not just by gametic incompatibility, habitat separation, and the like but also by behavioral and anatomical barriers at the adult level (e.g., courtship rituals, physical inability to copulate) (28) (29) (30) (31) (32) . Behavioral barriers to gene flow and sexual selection are generally believed to facilitate speciation (15, (33) (34) (35) , and reduced Allee effects may permit species to survive, even if rare. To the extent that animals are adept at recognizing and mating with members of their own species, they would be analogous to orchids, where pollen delivery is more species-specific than with many other plants (20, 21) . Even if abundance or biomass is limited by resources, a change in the predominant reproductive strategy from broadcasting to nonbroadcasting could permit greater numbers of more specialized species characterized by smaller populations. Adults must find, recognize, and interact with each other directly, so nonbroadcasters tend to be motile, with well-developed senses. Feeding modes vary, but many species are predators, omnivores, or scavengers. Major taxa include arthropods, cephalopods, vertebrates, and some groups of gastropods (Caenogastropoda, Neritopsina, Cocculinoidea, and Heterobranchia) (36) .
The final group (intermediate taxa) is composed of mobile animals that broadcast sperm or that belong to taxa in which broadcasting is plesiomorphic and common. Given their mobility, many of these species aggregate before spawning to increase fertilization success (37) (38) (39) , potentially introducing adult-adult interactions unavailable to more sedentary broadcasters. Some living species exhibit interactions similar to nonbroadcasters, such as mounting during spawning (40-43), or even direct sperm transfer (43) (44) (45) (46) (47) . Such variation would be impossible to identify in the fossil record, so this category is of necessity more variable than the other two, although most members do broadcast gametes. The intermediate group includes noncopulating gastropods, several minor molluscan taxa, and mobile echinoderms (SI Appendix, Reproductive Faunas). deposit feeding, grazing, and predation, although the number of predators is small relative to the nonbroadcasters.
Results
As shown previously (9), sampling-standardized genus richness of the total marine fauna fluctuated without trending from the Ordovician to mid-Mesozoic, then increased (Fig. 1A , shown on log scale). Maximum likelihood modeling supports this interpretation; the best model was stasis with a shift to a directional, increasing trend (SI Appendix, Table S3 ). The most likely position for the shift in dynamics was Jurassic 6 (Tithonian; midpoint ∼149 Ma), although a shift in the next bin, Cretaceous 1 (BerriasianValanginian; ∼139 Ma), was nearly as good (SI Appendix, Fig. S2 ).
There was also some support for a two-phase OU-OU model with an upward shift in equilibrium diversity, also in Jurassic 6, to a much higher equilibrium diversity (3.34 log units, or ∼2,200 genera) that is not yet approached by the end of the Cenozoic (SI Appendix, Fig. S3 and Table S3 ).
Major Faunas. The diversity of nonbroadcasters was also described best by stasis followed by a directional trend (Fig. 1B and SI Appendix, Table S4 ). The timing of the shift was somewhat uncertain; the most likely shift point between the models was Cretaceous 2 (Hauterivian and Barremian; ∼129 Ma), but shifts as early as Jurassic 2 (Pliensbachian; ∼187 Ma) or as late as Cretaceous 4 (Albian; ∼107 Ma) were also within two log-likelihood units of the best solution (SI Appendix, Fig. S2 ).
The preferred model for the broadcasters was OU-OU ( Fig.  1C and SI Appendix, Table S5 ). Diversity rose during the Ordovician to an equilibrium value that persisted for the rest of the Paleozoic, fell during the end-Permian mass extinction, and then rose to a similar (although slightly lower) equilibrium. The intermediate group was not diverse or well-sampled enough to produce a continuous standardized diversity curve (Fig. 1D) . From the available data, their richness increased during the Triassic, but then flattened out, never significantly exceeding levels reached in the Paleozoic (Fig. 1D) . The random walk model received the most support, although random walk-stasis and stasis-stasis (with the shift most likely occurring in Triassic 1 in both cases) also received some support, but were not favored by the likelihood ratio test (SI Appendix, Table S6 ).
Relative richness trends in Sepkoski's (48) compendium are similar to those in the PBDB (Fig. 2) . Nonbroadcasters comprised about 20-40% of genera during the mid-Paleozoic to midMesozoic, with some fluctuations. They climbed in proportional richness by about 20%, beginning in the Cretaceous and continuing in the Cenozoic, indicating they were diversifying at a greater rate than the other groups.
Individual Taxa. Most nonbroadcasting taxa have diversity histories that are consistent with the whole group: relatively stable richness in the late Paleozoic-early Mesozoic, followed by diversification in the late Mesozoic and Cenozoic (Fig. 3 A-C and SI Appendix, Table S7 ). The histories of these groups in the early Paleozoic differ, however; for example, arthropods declined as the trilobites dwindled. Cephalopods differ from the other nonbroadcasters because they lost most of their fossil diversity in the end-Cretaceous extinction (Fig. 3D) .
The diversity curves of individual broadcasting and intermediate taxa vary widely (Fig. 3 E-K) . Bivalves increased at a fairly constant rate from the Ordovician onward (Fig. 3E) (49) , with perhaps a slight uptick after the end-Cretaceous extinction (50) . Bryozoans declined in the end-Permian extinction, but recovered during the Mesozoic, although the details are poorly constrained in the PBDB data (Fig. 3G) . Brachiopods declined after the Paleozoic (Fig. 3F) , and cnidarians, echinoderms, and noncopulating gastropods fluctuated through time (Fig. 3 H-J) . Several groups, mostly sponges and minor molluscan taxa (SI Appendix, Table S7 ), were combined because none were represented by sufficient data to generate reasonably complete individual curves (Fig. 3K) . This polyphyletic group simply represents the remainder of the data, rather than an evolutionarily meaningful unit, but together these taxa do not increase in diversity in the Cenozoic.
The asteroids and caenogastropods were examined separately because they provide unusual combinations of fertilization and feeding method. The caenogastropods are nonbroadcasters, but include a wide range of feeding methods (tabulated from ref. 51) . Although the carnivorous caenogastropods radiated strongly in the K-Cz, the noncarnivores did not (Fig. 3L) . Asteroids, which are broadcasting predators, declined as a proportion of the total fauna during the Cenozoic in Sepkoski's data (Fig. 3M) , although their fossil record is poor and should be interpreted with some caution (52) . The PBDB curve was extremely incomplete, but also showed no radiation (SI Appendix, Table S8 ).
Discussion
Several analyses of the marine animal fossil record have detected diversity dependence (4-6), but there is also strong evidence of a major K-Cz radiation (9, 53, 54) . Our analyses provide statistical support for these patterns: the optimal model implies stasis in diversity from the Ordovician to the Jurassic, consistent with diversity dependence, followed by a directional increase in the Cretaceous and Cenozoic (Fig. 1A) . The OU-OU model also received some support (SI Appendix, Table S3 ), which would suggest the K-Cz radiation might have slowed in the late Cenozoic (cf ref. 55 ).
The richness of nonbroadcasters was also in stasis from the Ordovician through Jurassic or Cretaceous, when it too shifted to a directional trend, leading to a tripling in richness (Fig. 1B) . All nonbroadcasters except the cephalopods (shelled forms of which were largely eliminated by the end-Cretaceous extinction) contributed to the K-Cz radiation, transitioning from nontrending to increasing richness in the later Mesozoic (Fig. 3 A-D) .
In contrast, broadcasters have essentially maintained a stable equilibrium since the Ordovician, despite fluctuations (Fig. 1C) . Their richness was severely depressed by the end-Permian extinction, but they returned to a remarkably similar equilibrium afterward and did not radiate in the K-Cz. The intermediate fauna also did not radiate during this time (Fig. 1D) . Individual broadcaster and intermediate taxa show a range of diversity trajectories (Fig. 3 E-K) . The fact that some taxa increase in diversity does not obviate the point that broadcasters, in the aggregate, behaved differently than nonbroadcasters; because there is turnover among taxa within the broadcasters, some individual taxa must increase as others decrease. Critically, no broadcaster/intermediate taxon clearly shows a shift in diversification rate in the late Mesozoic similar to those observed for the nonbroadcasters.
Notably, the broadcaster and nonbroadcaster faunas do not correspond to Sepkoski's evolutionary faunas (55) , as members of his Paleozoic and Modern faunas belong to both categories. Sepkoski's Paleozoic and Modern faunas largely correspond to those groups that fared poorly and well in the end-Permian extinction, whereas mass extinctions contributed to turnover within, rather than between, our groups.
Nonbroadcasters comprised 20-40% of genera from the midPaleozoic to mid-Mesozoic, then rose to 55-65% in the later Cenozoic (Fig. 2) . In the living marine fauna, nonbroadcasters account for ∼73% of genera according to data from the World Registry of Marine Species (marinespecies.org) (SI Appendix, Table S9 ). Thus, the selective nature of the K-Cz radiation was a major determinant of the composition of the living marine biota.
Fertilization vs. Feeding. Mode of fertilization tends to covary with a number of ecological traits, including feeding, motility, and cephalization, so it is possible that the radiation documented here in nonbroadcasters was causally related to one of these other variables. The most obvious candidate is feeding mechanism: broadcasters, especially sedentary broadcasters, are primarily suspension feeders, whereas the nonbroadcasters include many predators and scavengers. There is considerable evidence for increased diversity of predators and increased intensity of predation in the late Mesozoic and Cenozoic (which correspond to our nonbroadcaster radiations) (56) (57) (58) (59) , and these radiations have been linked to increased food supply to marine animal food webs (10) (11) (12) .
To distinguish whether feeding or fertilization mechanisms more closely correlate to diversification, one can examine the diversity history of animals that are carnivorous broadcasters or noncarnivorous nonbroadcasters. Few such fossil taxa are preserved and studied sufficiently for analysis, but three examples are highly suggestive. Caenogastropods are nonbroadcasters that vary widely in diet; the noncarnivorous forms did not radiate in the K-Cz, whereas carnivorous forms diversified strongly (Fig.  3L) . The Asteroidea are broadcasting predators, and they did not increase in relative richness in the K-Cz (Fig. 3M) , although, again, their record should be viewed with caution. Finally, corals are broadcasters that exhibit carnivory or microcarnivory, although many also get nutrition from photosymbiosis, and they likewise did not radiate (Fig. 3H) .
Together, these results suggest that diversification was concentrated in animals that combined direct sperm transfer with carnivory. Further testing would be useful; for example, arthropods and fish use a variety of feeding modes and could be analyzed after additional data collection and ecological analysis.
The Mesozoic Sexual Revolution. Our results, in concert with previous demonstrations (4-6), suggest that diversification in marine animals was limited by diversity-dependent processes from the mid-Paleozoic to mid-Mesozoic, at which point the global equilibrium diversity increased dramatically (Fig. 1A) . This radiation was driven by increased rates of diversification in nonbroadcasters (Figs. 1B and 3 A-C) , particularly carnivorous forms (Fig. 3L) . In theory, radiations in the arthropods, copulating gastropods, and vertebrates could have been driven by independent, unrelated factors, such as the evolution of key innovations. However, the coincident timing of these shifts in diversification suggests a common environmental driver. The evolution of key innovations may be related to the radiation of particular subgroups within these taxa, such as the teleost fish. However, we would argue that changing environmental conditions drove these radiations, with key innovations permitting particular subgroups to capitalize on the situation. A novel morphology only permits radiation if environmental conditions are permissive.
Food is often discussed as the limiting resource that drives diversity dependence (1), and indeed, numerous paleontologists have argued that increasing food and/or oxygen availability in the late Mesozoic permitted ecological reorganization, including diversification (10-12, 59-61). As animals diversified, they also became, on average, larger, fleshier, more motile, and more energetic (10, 58, 62, 63) . Predation increased (57) (58) (59) (60) , and several groups of large phytoplankton radiated (64) . All these lines of evidence suggest a widening of the base of the food chain during the Mesozoic, and the ultimate drivers of increased primary production have been discussed by numerous authors (10-12, 62, 64-66) .
However, the effects of increased food and/or oxygen availability on diversity dynamics were strongly modulated by reproductive biology and ecology, with nonbroadcasters possessing several traits that predisposed them to radiation when conditions permitted. Direct sperm transfer permitted additional mechanisms for speciation to occur, or for incipient species to differentiate. It also permitted smaller viable population sizes (i.e., greater rarity), which permitted the co-occurrence of a greater number of species, given the available food resources (cf. ref. 8) .
The proliferation of a greater number of less abundant species was also enhanced because these animals (largely predators, scavengers, and omnivores) have many ways to specialize ecologically (e.g., different types of prey, feeding at different times of day). In contrast, most broadcasters are suspension feeders, which take small particles of food from the water and have fewer ways to specialize. We suggest that reproductive biology and ecology operated synergistically: motile predators had a greater ability to ecologically specialize, and direct sperm transfer permitted smaller population sizes that allowed specialized taxa to survive. Before the Cretaceous, there were presumably insufficient food resources to support large numbers of specialized predators, counteracting the inherent macroevolutionary potential of these nonbroadcasters to diversify.
Broadcasters, in contrast, lacked the traits that facilitated explosive diversification in the nonbroadcasters. Broadcasting fertilization favors large, denser populations because small populations may not be reproductively viable. Thus, available food resources may be consumed by a smaller number of more abundant species. Also, as noted, suspension feeders have fewer ways to specialize in diet and feeding than predators. The intermediate group, which is more variable ecologically, also did not diversify appreciably through time (Fig. 1C) . Although they did not expand in diversity, these groups persisted as successful components of Cretaceous and Cenozoic ecosystems, maintaining the diversity they achieved in the Paleozoic.
These mechanisms are not inconsistent with other ideas on ecosystem evolution during the Mesozoic and Cenozoic. For example, an increase in primary production may have facilitated an increase in the average biomass of suspension feeders, which provided greater food resources for predators (10, 11) . If so, however, this increased biomass did not translate into elevated diversity. Increased predation and seafloor disturbance may have helped drive down the diversity and abundance of some taxa, such as brachiopods (67) (68) (69) , although competition may also have been important (70) , consistent with diversity dependence.
Biodiversity dynamics are often studied through the lens of the living biota; for example, inferred from phylogenies generated from living organisms. However, living organisms represent a single time slice in the history of life, and they may have evolved under conditions not typical of its entirety. In the case of marine animals, the living fauna evolved largely during conditions of exceptional diversification, whereas much of the history of marine life was characterized by stasis and diversity limitation. Inferences based on living organisms may not reflect the full range of processes that have shaped the biosphere through time.
Conclusions
After not trending for hundreds of millions of years, marine animal diversity doubled in the K-Cz, but this radiation was highly selective. Animals that transfer sperm from adult to adult, whether internally or externally, tripled in genus richness, whereas animals that broadcast sperm did not radiate significantly. By analogy with similar arguments about land plants, we propose that adult-adult fertilization facilitated diversification by permitting smaller population sizes and/or allowing additional mechanisms of prezygotic isolation. In permitting diversification, fertilization mechanism may have operated synergistically with covarying ecological traits; many nonbroadcasting taxa are predators, which can specialize ecologically in ways not available to suspension-feeding, broadcasting taxa. The fossil record of marine animals indicates that long-standing limits to diversification can be overcome, quite possibly by changes in resource availability, and the effects of these shifts on the fauna are controlled by fundamental aspects of reproductive biology and ecology.
Methods
Data were downloaded from the PBDB following previous work (9) (SI Appendix, Paleobiology Database). Exceptional modes of preservation that are concentrated in particular time intervals were excluded (e.g., silicification, original aragonite; refs. 9 and 71). All marine animals were included except for annelids, which add little diversity in the fossil record, and for which functional assignments were uncertain in some cases.
Sampling was standardized using shareholder quorum subsampling (SQS), following previous works (9, 72) , except that a single collection was drawn per literature reference, and the results were not smoothed using the 3T correction to maintain independence among data points. One thousand iterations were run per analysis, and the results from each iteration were logged before analysis (results were similar for raw values, but we concentrate on logged values because the slopes of the diversity curves are equivalent to rate of diversification, and changes in slope indicate changes in rate). Metazoa as a whole were analyzed at a sampling quorum of 0.70, and the reproductive faunas at a quorum of 0.50. These levels were chosen to balance the trade-off between sampling coverage and the temporal completeness of the results.
We analyzed the temporal pattern of change in the standardized diversity curves using the maximum likelihood methods of Hunt et al. (13) . Models were fit that corresponded to stasis, directional change, unbiased random walk, an OU-OU process, as well as two-phase models incorporating a switch between simple models. The OU model conforms closely to the expectations of diversity dependence because diversity approaches and then fluctuates around a stable equilibrium value. Stasis is also consistent with diversity dependence, and it could represent the latter portion of an OU process (i.e., sampling begins after the shift to the stable value). A linear directional increase in logged data could correspond to exponential diversification, to the initial portion of an OU process (before the stable attractor is reached), or to some other pattern that is indistinguishable given the resolution of the data. Model support was evaluated initially using AICc (Akaike information criterion with correction for finite sample size). Hunt et al. (13) found that AICc tended to be overly liberal in favoring complex models and used parametric bootstrapping as a more conservative test of when complex models were favored over simple ones, an approach we follow here (SI Appendix, Maximum Likelihood Modeling).
We also generated standardized diversity curves for major taxonomic groups within the Metazoa. These groups largely correspond to phyla, although the mollusks were split because they vary in fertilization method and the data were sufficient for separate analyses. Other phyla are more homogeneous with respect to reproduction. Most of these curves had temporal gaps (time bins that did not have enough data to subsample at the given quorum), so we highlighted long-term patterns using lowess regression, rather than formal modeling.
We focus our analyses on the PBDB because diversity curves can be standardized for various biases, but we also tabulated the diversity of the fertilization faunas in Sepkoski's compendium (48) to show that the results are consistent. However, we only examined proportional diversity for Sepkoski's data because of concerns about heterogeneous sampling among time bins. 
